The biochemistry of protein-glutathione mixed disulfide formation in the ocular lens was examined by 13C-NMR spectroscopic measurements of glutathione oxidative metabolism in intact rabbit lenses maintained in organ culture. Lenticular amino acid uptake and glutathione biosynthetic mechanisms were employed to facilitate the incorporation of L-[3-~3C]cysteine from the incubation medium into the cysteinyl residue of glutathione. Subsequent exposure to increasing levels of oxidative stress induced by tert-butylhydroperoxide resulted in decreased levels of ([3-J3C]cysteinyl)-glutathione and a loss of ~3C NMR resonance intensity, a reflection of protein-glutathione mixed disulfide formation. The rate of ([3-13C]cysteinyl)-glutathione loss depended on the concentration of tert-butylhydroperoxide;
reaction (Eq. (2)) predicts that for a constant protein concentration oxidation of the protein thiol group will be closely regulated by the state of the cellular glutathione redox buffer.
The biochemistry and fimction of protein-glutathione mixed-disulfides in the ocular lens has been the subject of sustained interest [6] [7] [8] [9] [10] . There is considerable epidemiological and experimental evidence to suggest that the maintenance of tissue optical clarity is in part dependent on thiol redox chemistry. In models of oxidative cataractogenesis and in most human senile cataracts, GSH and free protein thiol levels decline with commensurate increases in protein thiol oxidation and the levels of protein-protein disulfide-linked species. An inverse relationship between elevated protein-glutathione mixed-disulfide levels and decreased GSH levels was observed in rat lenses placed under oxidative challenge [9] . Furthermore, the formation of protein disulfide-linked aggregates and loss of tissue transparency was correlated with the level and duration of oxidative challenge. PSSG levels in the normal adult human lens remain constant through the sixth decade of life [11] ; after this time an increasingly larger population of tissue with elevated PSSG levels is observed, possibly reflecting a pre-cataractous condition [11] . PSSG levels are found to be significantly increased (exceeding 42%) in cataractous tissue [6] . Membrane and cytoplasmic protein sulfhydryl groups from cataractous human lenses are extensively oxidized to disulfides [12] . These exist as either mixed-disulfides with low molecular weight thiols or, as is found in opaque regions of cataractous tissue, as high molecular weight disulfide-linked protein aggregates. In addition to possibly compromising the optical properties of the tissue, thiol oxidation inhibits lenticular metabolic functions, including ATPase and glyceraldehyde-3-phosphate dehydrogenase activities. Purified crystallin proteins react non-enzymatically with GSSG to form PSSG mixeddisulfide molecules [13] . This is accompanied by minor changes in protein conformation and stability as monitored by CD and fluorescence spectroscopy [14, 15] .
It has been suggested that PSSG mixed-disulfide formation provides a mechani:~m to protect ienticular protein thiol groups from irreversible oxidation and from the formation of the disulfire-linked high molecular weight aggregates typically observed in cataractous lenses [6, 8] , yet elevated PSSG mixed-disulfides are believed to represent an early cataractous state leading to the formation of disulfide linked protein aggregates [9, 10] .
The present study examined PSSG biochemistry in the intact rabbit lens under conditions of oxidative stress using a 13C-NMR spectroscopic: approach developed in this laboratory that allows the biosynthesis and biochemical reactions of lenticular glutathione to be examined non-invasively and in real-time [16, 17] . The mechanism of PSSG formation was further characterized by monitoring the reaction of GSSG with purified lens crystallin protein using proton NMR specl:roscopy. These experiments pro-vided insight into the role of the cellular glutathione redox-couple, [GSH]/[GSSG], in maintaining reduced protein thiol groups and suggested that PSSG formation may function as a mechanism for modulating the GSH redox buffer under conditions of oxidative stress in ocular tissue.
Materials and methods

Materials
L-[3-13C]Cysteine (99 atom % 13C isotopic enrichment) was obtained from Cambridge Isotopes. TC-199 medium, t-BHP, 2ME, and BSO were obtained from the Sigma Chemical Co. All other reagents used were obtained from Aldrich Chemicals.
Lens incubation
Ocular lenses obtained from New Zealand White Rabbits (0.9-1.2 kg) were used for all studies. Animals were treated in accordance with University of California, Santa Cruz, Animal Care Committee guidelines. Euthanasia was accomplished by CO 2 inhalation and the eyes enucleated. Globes were sterilized by immersion in 1% betadine for 1 min and then rinsed with sterile phosphate buffered saline solution. Lenses were dissected from the globe and placed in TC-199/bicarbonate buffered incubation medium as previously described [18] . All experimental media used contained 5.5 mM glucose with specific supplements ([3-~3C]cysteine, t-BHP or 2ME added as described below. Final medium osmolarities were adjusted to 290+ 3 mosmol/1 with NaC1.
Following dissection, paired lenses were placed directly in 10 mm NMR tubes equipped with inflow and outflow lines (Intermedic PE-50 tubing) integrated into an organ culture perfusion assembly consisting of a medium reservoir connected to a low surge peristaltic pump (Model P-3, Pharmacia Fine Chemicals). This allowed for continuous tissue perfusion (ca. 1.5 ml h-l ) during NMR data acquisition. The reservoir medium was continually gassed with 5% CO 2 balance air mixture to maintain buffering capacity. The incubation temperature was maintained at 33°C by use of the NMR spectrometer variable temperature control unit.
~s C-NMR spectroscopy
A General Electric GN-300 spectrometer operating in the Fourier transform mode equipped with a 7.05 Tesla widebore Oxford superconducting magnet and interfaced to a General Electric 1280 computer system (GEM 12 software) was used. 13C-NMR spectra were acquired using a 12 mm broad band (15N-3~P) probe tuned to 75.46 MHz. Spectral acquisition parameters were: RF pulse, 45 ° tip angle; 4096 data points/FID; sweep width +_ 5000 Hz (quadrature phase detection); acquisition time, 204.8 ms; interpulse delay, 1 s; 3000 accumulations per spectrum (total collection time = 60 rain) or as noted in the text. Bilevel proton decoupling was used and the RF powers were optimized for complete decoupling (high power) and maximum spectral nuclear Overhauser enhancement (low power). Sample heating from RF irradiation was monitored and not detected.
Js C-NMR spectral analysis
All FIDs were multiplied by an exponential filter and zero-filled to 8192 data points prior to Fourier transformation. ~3C chemical shift values were expressed relative to 13C-methanol (49.1 ppm) contained in a 5-1xl glass capillary tube placed in the NMR tube adjacent to the lenses. NMR resonance amplitudes and intensities were obtained using GEM 12 software. Linear regression analysis of the data was performed using the Cricket Graph program (version 1.2) for the Macintosh computer.
Protein purification
Calf lens 3,-I1 crystallin protein was isolated and purified using standard techniques [13, 19, 20] . Freshly dissected bovine calf lenses (2 wk old) were placed in 20 mM phosphate buffer (120 mM KC1, 0.2 mM DTE, 0.05% NaN 3, 1 mM EDTA, pH=6.9; ~8 ml buffer g-l lens tissue) and homogenized by gentle stirring (4°C; 36-48 h). The water soluble protein fraction was separated from insoluble components by centrifugation (20000 rpm, 60 min, 10°C). The supernatant, containing the ~-, 13-and ~/-crystallin proteins (20 ml; ~ 35 mg protein ml-1) was loaded directly onto a Sephacryl-300 (Pharmacia) gel filtration column (10 × 150 cm) equilibrated with 20 mM phosphate buffer (pH 6.9). The ol-, 13-and 3,-crystallin fractions were collected at 1.4 ml min-l (22oc). Proteins were identified on the basis of their characteristic elution profile and isoelectric focusing (IEF, Pharmacia Fast Gel System) pattern [21] . The low molecular weight 3,-crystallin fractions from repeated separations were pooled and concentrated by ultrafiltration (Amicon YM-10 filter), then dialyzed exhaustively against 200 mM sodium acetate buffer (1 mM EDTA, 0.05% NaN 3, 11 mS, pH 5.0). Dialyzed 3'-crystallin (4 mg m1-1 ) was loaded onto a Sulphopropyl-Sephadex C-100 cation exchange column (2.5 × 50 cm) equilibrated with 100-150 ml acetate buffer at a flow rate of ~ 1.0 ml min -~ . The 3,-crystallin fractions (3'-I, -II, -III, and -IV) were separated by using a linear 2 L NaC1 gradient (200-450 mM Na ÷) (11-32 mS; pH 5.0; and 0.4 ml min-Z). The 3'-11 crystallin fractions were identified by their characteristic IEF gel pattern [13, 21] , pooled, concentrated by ultrafiltration, dialyzed exhaustively against H20, and then lyophilized. Protein concentrations were determined using refractive index measurements or by absorbance z i cm = 0.221) [19] . 
IH-NMR spectroscopy
Lyophilized, purified 3,-II crystallin protein was dissolved in deuterated 50 mM acetate buffer (100 mM KCI; 50 mM K2H2PO4; 50 mM NaC2H3COO-; 2 mM TSP, and 1 mM EDTA to a final concentration of 2-3 mM. Solution pH was adjusted using 2HCI and NaO2H. Corrections to the pH for the deuterium isotope effect were not made. All deuterated reagents were obtained from Cambridge Isotopes.
Samples were placed in 5-mm NMR tubes, and J H spectra were obtained at 300.09 MHz using a General Electric GN-300 spectrometer operating in the Fourier transform mode. Data were collected at 25°C. I H-NMR spectral parameters were: RF pulse, 45 ° tip angle; 16384 data points/free induction decay (FID); sweep width + 2000 Hz (quadrature phase detection); acquisition time, 2.05 sec; interpulse delay, 2 s; 1 s low power presaturation water suppression pulse; 200 accumulations per spectrum or as noted in the text. FIDs were zero-filled to 32768 data points prior to Fourier transformation. Spectral resolution was enhanced by multiplying FIDs by a sine function and an exponential filter (1 Hz). A linear baseline correction was applied to each spectrum. Chemical shift values were reported relative to TSP.
Calculation of pK,, from histidine C~-proton titration data
The apparent pK~ values for individual 3'-II crystallin protein histidyl imidazole residues were calculated from the pH dependence of the C"-proton (C'-H) resonance chemical shift using a model derived from the Henderson-Hasselbach equation expressed in terms of the fraction of the conjugate base (0) and acid (1-0):
Assuming a rapid equilibrium between the imidazole conjugate acid-base pair, the observed NMR chemical shift (8) is expressed as:
where ~A is chemical shift of the acidic imidazole species, 8B is the chemical shift of the basic imidazole species, and 0 the fraction of conjugate base which is expressed as:
Substitution of this expression into Eq. (3) allows 6 to be expressed in terms of the pH of the solution and the p K~ of the specific residue under consideration:
The experimental variables, ~ and pH, for each histidyl C%proton were fit by non-linear least squares analysis (SigmaPlot, vers. 5.1, Jandel Scientific Corp.) to Eq. (6) for the calculation of the apparent pK a of the imidazole ring. The chemical shifts of the acidic and basic imidazole species, ~A and ~B, respectively, are experimentally determined parameters.
Results
Protein-glutathione mixed-disulfide formation in the intact rabbit lens was examined by ~3C-NMR spectroscopy of paired, organ cultured rabbit lenses exposed to the GSH peroxidase substrate t-BHP The oxidative challenge presented by t-BHP is accomp~mied by alterations in the GSH status of the tissue [7] . Lenses were preloaded with ~3C-GSH during preliminary incubation in 13C-3-cysteine supplemented tissue culture medium (36-48 h), then transferred to non-13 C-enriched medium for a control incubation prior to exposure to various concentrations of t-BHP. In addition, this suite of ~3C-NMR spectra displayed a time-dependent increase of a new resonance clearly resolved at 26.1 ppm which was identified as lenticular 13C-GSH. This assignment was based on the isotopic labeling pattern anticipated from the biochemistry of lenticular glutathione synthesis and from the known f3C-NMR chemical shift for the glutathione cysteinyl-C~ carbon [17, 22, 23] . At the conclusion of the 13C-GSH loading incubation, the lenses were perfused with non-13C containing medium (panel B). Lenticular 13C-GSH levels remained constant during this control incubation period. These spectra (panel B) show the wash-out of residual ~3C-cystine containing medium, and together with 13C-NMR spectral analysis o1: lens perfusate aliquots taken from the [3-~3C]-cysteine incubation, confirm the intralenticular origin of the 26.1 ppm ~3C-GSH signal.
The effect of t-BHP on the 13C-GSH content of these lenses is shown in Fig. 2A -C. Following a control incubation in non 13C labelled medium (panel A), the addition of 1 mM t-BHP caused the lenticular ~3C-GSH content to decrease rapidly (panel B) Confirmation that the ~3C label had not leaked into the perfusate bathing the tissue was obtained from 13C-NMR analysis of medium aliquots taken during the oxidative challenge (data not shown). An increase in t-BHP concentration to 2.0 mM produced a further decline in the 13C-GSH content of these lenses (panel C). In contrast to the decrease in GSH levels during incubation in 1 mM t-BHP, the loss at 2 mM t-BHP exposure was closely con-elated with the appearance and accumulation of 13C-GSSG (~ = 38.7 ppm). Longer exposures to 1 mM t-BHP oxidative challenge (up to 3.5 h) also failed to generate levels of 13C-GSSG observable by NMR.
The loss of intralenticular 13C-GSH following 13C-GSH loading and control incubations was compared at different levels of oxidative challenge (0.5, 1.0 or 2.0 mM t-BHP) as shown in Fig. 3 . The rate of ~3C-GSH loss increased as the level of oxidative stress was increased. Decay constants for the decline in the levels of free lenticular ~3C-GSH were obtained by fitting the measured resonance intensities to a single exponential function. These were calculated to be 0.08 + 0.03; 0.13 + 0.01, and 0.56 + 0.09 h-J at 0.5, 1.0 and 2.0 mM t-BHP, respectively. The only other distinct change observed in the ~3C-NMR spectra of these lenses was the appearance of Z3C-GSSG during 2.0 mM t-BHP exposure, as was previously noted at this level of oxidative challenge (see Fig. 2C ).
We hypothesized that the apparent t3C-GSH loss, unaccounted for elsewhere in the NMR spectrum, resulted from the incorporation of ~3C label into an 'NMR invisible' protein fraction in the form of a protein-[~3C-glutathione] mixed-disulfide adduct (see Section 4) . To test this hypothesis and to determine if PSSG formation could be reversed and the 'lost' ]3C-NMR signal recovered, oxidative challenge experiments, which included a recovery incubation following 1 mM t-BHP exposure (3.0 h), were conducted. The recovery incubation employed either normal or 2ME supplemented (1 mM) tissue culture medium. As anticipated, lenticular ]3C-GSH levels declined during oxidative challenge. During the post-oxidative stress incubation 13C-GSH levels recovered in both media tested as shown in Fig. 4 . ]3C-GSH recovery 7 h after the oxidative challenge accounted for nearly 28% (normal medium) and 65% (2ME supplemented medium), respectively, of the =3C label that could not be accounted for during t-BHP incubation.
The loss of 13C-NMR signal occurring during oxidative challenge could be blocked using 2ME. Lenses were preincubated in 2ME (1 mM) during the final 24 h of the 13C-GSH loading phase. Oxidative challenge with 1 mM t-BHP caused the levels of ~3C-GSH to decline. But, in contrast to previous experiments employing this level of oxidative challenge, time-dependent intralenticular ]3C-GSSG accumulation was readily observed as shown by the spectra in Fig. 5 . A clear correlation between the loss of t3C-GSH and the accumulation of 13C-GSSG was observed.
To determine if non-enzymatic nucleophilic thiol-disulfide interchange between GSSG and accessible protein thiol groups (Eq. (1)) could provide a mechanism for lenticular PSSG formation during oxidative challenge, the reactivity of purified calf lens 7-11 crystallin protein towards GSSG was examined by ~H-NMR spectroscopy and IEF gel chromatography. The protein contains five histidyl residues each of which can be resolved by ]H-NMR spectroscopy because of differing imidazole C ~ proton (C'H) chemical shift values as shown in Fig. 6 . The C ~ proton histidine resonances were employed as reporter groups of local chemical and conformational change to investigate lenticular PSSG formation. Assignment of resonances to specific residues was based on comparison of their measured chemical shift and acid-base titration behavior with those previously reported [24] (see Table 1 ). The resonance designated by an asterisk (*) was not identified. The pH dependence of its chemical shift (down- I  I  I  I  I  I  I  1  2  3  4  5  6  7 Time (hours) Fig. 4 . Recovery of lenticular 13C-GSH levels in normal (O) and 1 mM 2ME (0) supplemented medium following 1 mM t-BHP exposure. Prior to oxidative stress lenses were preloaded withl3C-GSH (42 h) followed by incubation in non-labeled medium (4 h). field, with increasing pH) ,discounts its assignment to a C'H imidazole proton. Mixed-disulfide formation was initiated by reacting 3,-I1 crystallin (3 mM) with GSSG (6 raM) at pH ~ 6.2 and 25°C ( Fig. 7A and B) . This caused the His-122 resonance mM). The equilibrium distribution of the three His-122 species observed in the reaction between ~/-II crystallin and GSSG depended on the initial concentration of oxidized glutathione employed (see Fig. 8A-C) . The resonance assigned to His-122 in the native protein decreased in intensity as the GSSG concentration was increased, significant His-122a levels were observed at all GSSG concentrations, and His-122b levels increased with increasing GSSG concentrations. The IEF gel profile of aliquots taken from the reaction mixtures represented by the spectra in Fig. 8A -C corroborated the I H-NMR results. PSSG formation introduces three additional titratable groups to the protein: two carboxyl groups and one amino group, and has the net effect of adding a negative charge to the protein, thereby causing an acidic shift in the isoelectric focusing point (pl) of the protein. IEF of unreacted native ~,-II crystallin protein resolved a major protein band with an alkaline pl (7.8) and a more acidic minor protein band ( Fig. 9 ). Incubation with 0.5 mM GSSG depleted the major alkaline band and led to the appearance of two new acidic bands with pI values of ca. 7.3 and 6.6 corresponding to ~/-II crystalline-GSH mixed-disulfide adducts containing 1 glutathione molecule (PSSG-1) and 2 glutathione molecules (PSSG-2), respec- tively [13] . Increasing the concentration of GSSG depleted the major alkaline native ~-II protein band further and produced an increase in the pl= 6.6 protein band. The changes in IEF band patterns with increasing GSSG concentration are consistent with the changes in the ~H-NMR imidazole C'H resonances assigned to the native protein His-122 residue and the reaction products, His-122a (PSSG-1) and His-122b (PSSG-2) (see Fig. 8A -C).
Discussion
Recently, we demonstrated the feasibility of using ]3C-NMR spectroscopy for non-invasive, time-resolved measurements of lenticular GSH function in the intact lens [16, 17] . L-[3-13C]cysteine included in the incubation medium is incorporated, by way of lenticular amino acid uptake and glutathione biosynthetic mechanisms, into the cysteinyl residue of glutathione. Resonances arising from intralenticular 13C labelled GSH, GSSG and cysteine are resolved because of different 13C-NMR chemical shift values for each of these compounds. This approach has been extended in the present study to the investigation of protein-glutathione disulfide formation and the anti-oxidant functions of lenticular GSH.
The lens has an exceptionally high glutathione content. Reported levels in rabbit and human tissue are 12 and 4 i~mol g-1 wet weight of lens, respectively [25, 26] . More than 80% of the thiol content of the tissue, however, is found as protein thiol located predominantly in the 13-and ~/-crystallin protein fractions. Under normal conditions, the ratio of [GSH]/[GSSG] in the lens is very high, e.g., ca. 100:1 in rabbit lenses, whereas the amount of the tripeptide present as protein-bound GSH is less than 10% of the total GSH content [27] . Cataractogenesis, or loss of transparency in the lens, is commonly preceded and/or accompanied by pronounced disturbances in thiol chemistry.
In the present study lenses loaded with 13C-GSH and subsequently exposed to the organic hydroperoxide, t-BHP (a glutathione peroxidase substrate), were characterized by decreased ~3C-GSH levels and a net loss of ~3C-NMR resonance intensity. The inability to account for the lost resonance intensity elsewhere in the NMR spectrum suggested incorporation of the 13C label into an environment of sufficiently restricted mobility to elicit changes in ~3C-NMR spin-lattice relaxation parameters and 13C{IH} nuclear Overhauser effects that render the ~3C label 'NMR invisible'. It is likely that this reflects the formation of protein-glutathione mixed-disulfides, a premise supported by the reappearance of 13C-NMR signal during post-stress, recovery incubation, and by the ability to block PSSG formation by exposure of lenses to a thiol blocking agent (2ME) prior to oxidative stress. GSH loss has been correlated with an increase in PSSG levels in rat lenses exposed to hydrogen peroxide [10] . Other studies demonstrated similar decreases in lenticular GSH levels following either t-BHP [7] or hydrogen peroxide [9] exposure. Losses of 15% and 28% of the total glutathione content following a 30 minute exposure of rabbh lenses to 0.5 nM and 1.0 mM t-BHP, respectively, have been measured [28] . These decreases were similar to that measured in the present study after a slightly longer period of oxidative stress (Fig. 4) .
The rate of 13C-GSH loss during oxidative challenge depended on the concentration of t-BHP and it was only at 2 mM t-BHP that 13C-GSSG could be clearly observed in the 13C-NMR spectrum. The time course of these changes indicated that on a whole lens basis lenticular PSSG formation occurred prior to the accumulation of GSSG to ~3C-NMR detectable levels.
J H-NMR spectroscopy of ~,-II crystallin revealed that oxidized glutathione is a suitable substrate for lenticular PSSG mixed-disulfide fonnation. ~/-II crystallin protein was selected to model this reaction for a number of reasons. Human, bovine and rabbit "y-II crystallin protein share a high degree of sequence homology. The native protein contains seven cysteine sulfhydryl groups, giving it the highest thiol content of the crystallin proteins [21] , and reacts with up to three GSH equivalents to form mixed-disulfide adducts [13] . The ~-crystallin proteins are components of high molecular weight disulfide-linked aggregates associated with human nuclear cataracts [29] and H202 exposed rat lenses [10] . In the present study, ~H-NMR spectroscopy demonstrated that lens protein readily reacted with GSSG to form mixed--disulfide adducts containing up to at least two GSH molecules. Both the rate of formation and the equilibrium distribution of reaction products depended on the initial concentration of GSSG, and the reaction could be readily reversed by the addition of reducing agent. The histidyl reporter groups used to monitor the mixed-disulfide reaction are distributed over the surface of the protein [30, 31] . When the protein was reacted with GSSG, only one of the C"H imidazole resonances (His-122) recorded a chemical shift change, reflecting a change in physicochemical environment. This suggests that only minor conformational changes appear to be associated with 2t-II crystallin PSSG mixed-disulfide formation. The acidic pK a shifts (see Table 1 ) for the mixed-disulfide products are consistent with conformational changes that increase charge stabilization on the histidine imidazole ring.
The intact lens and purified ",/-II crystallin NMR data provided in the current study indicate that lenticular protein thiol groups readily form PSSG mixed-disulfides by way of thiol-disulfide exchange. Insight into a possible mechanism for the loss of GSH into PSSG mixed-disulfides observed during oxidative challenge can be obtained by considering the results of the current study within the context of the measured activities of rabbit lens GSH redox cycle enzymes: 2280 ixU/lens and 16 IxU/lens for glutathione peroxidase and reductase, respectively [32] . The apparent capacity of the tissue to generate GSSG under conditions of oxidative challenge (glutathione peroxidase activity) exceeds its capacity to regenerate reduced glutathione (glutathione reductase activity) over 140-fold. Consequently, when faced with oxidative challenge, there is the real potential for the tissue to exceed its ability to maintain equilibrium of the glutathione redox buffer [GSH]/[GSSG]. This, however, is not observed. During t-BHP exposure the GSH content of lenses declines significantly prior to the accumulation of ~3C-NMR detected GSSG. The formation of crystallin protein mixed-disulfides provides an alternative metabolic fate for oxidized glutathione generated by glutathione peroxidase activity approaching or in excess of the glutathione reductase activity in the tissue, and reflects equilibration of the protein sulfhydryl oxidation state with the thiol-disulfide status ([GSH]/[GSSG]) of the surrounding medium.
In addition to protecting protein thiol groups from direct and possibly irreversible chemical oxidation, the reaction generating PSSG mixed-disulfides functions to provide a mechanism to buffer cellular thiol-disulfide equilibria under conditions where the activity of GSH peroxidase exceeds the capacity of the GSH redox cycle to maintain normal GSH and GSSG levels. In the absence of the ability to form PSSG, GSSG generation that exceeds GSH reductase activity causes GSSG to accumulate and results in precipitous changes in the cellular [GSH]/[GSSG] redox couple. PSSG formation provides a mechanism to buffer these effects by providing a pathway to remove excess GSSG, thereby preventing its accumulation and extending the range of oxidative insult under which normal cell functions regulated through the glutathione redox couple can be maintained. When subjected to an oxidative challenge other tissues possessing significant levels of glutathione (e.g., liver) attenuate abrupt changes in their cellular thiol redox couple by excreting GSSG [33] . This mechanism is not realistic for a non-vascularized tissue such as the lens and may explain the evolutionary significance of the thiol rich crystallin proteins.
The proposed mechanism accommodates reversal of the PSSG mixed-disulfide equilibrium (Eq. (1)), to regenerate reduced protein thiols and GSH, once the glutathione reductase activity of the tissue can accommodate the addi-tional GSSG produced. In the present study, this is observed when lenses are allowed to recover following the oxidative challenge. This is consistent with reports that GSH recovery depends on the ability of the tissue to maintain NADPH reducing equivalents [7] . Furthermore, the increased glutathione reductase activity observed during oxidative challenge decreases sharply once the stress is removed, but remains elevated above control levels for several hours, suggesting that GSSG formation and reduction in the tissue continues [28] .
If the lenticular glutathione redox buffer is unable to maintain the equilibrium state characteristic of healthy tissue, either because the tissue is under chronic oxidative stress or in some manner possesses compromised glutathione reductase activity, then protein disulfide-linked light scattering aggregates could form by thiol-disulfide exchange between PSSG mixed-disulfides and free protein thiol groups. This occurs in the rat lens in the latter stages of the H202 cataract model [10] and may be responsible for protein thiol oxidation found in lenses from senile cataract patients with elevated aqueous humor H202 levels [12] . The significant decrease in the activity of GSH reductase observed in human cataractous lenses [34] may reflect an additional factor that could maintain lenticular PSSG mixed-disulfide levels, and consequently facilitate disulfide-linked protein aggregate formation.
The failure to observe complete re-equilibration of the cellular GSH redox buffer during recovery from exposure to an oxidative insult could be attributed to not providing a sufficient period of time for recovery. A more plausible alternative is that the significant oxidative insult (1 mM t-BHP) produced a degree of irreversible change (e.g., conformational alterations in the crystallin proteins such as that observed through the histidine imidazole proton resonances) which rendered the newly formed protein glutathione mixed disulfide thermodynamically or kinetically less accessible to reduction. Thus, the altered biophysical properties induced by oxidative insult defining the initial equilibrium state of the cellular redox buffer, described by Eq. (1) and Eq. (2), result in the establishment of a new steady-state condition. The results presented here demonstrate direct chemical reduction of protein-glutathione disulfide bonds in vitro, and in situ, and may reflect a mechanism to prevent the formation of disulfide-linked light scattering protein aggregates in vivo.
